We experimentally demonstrate a comparatively low-loss negative-index metamaterial with the magnitude of the real part of the index comparable with the imaginary part. Over 40% transmission is achieved in the negative-index region by structural adjustment of the impedance matching between the metamaterial and the air-substrate claddings. This structure has the potential of achieving high transmission and small loss in the negative-index region.
INTRODUCTION
Negative-index materials (NIMs) have received much attention for the past several years because of the potential applications of NIMs 1 and the experimental realization of the first NIM in the microwave region. 2 For achieving negative refraction with metamaterials, a magnetic resonance is required to engineer the effective permeability, since natural materials do not exhibit high-frequency magnetic properties. Although there have been many reports of metamaterial NIMs in the microwave region, little work has been reported in the optical range in which the properties of metals are not as optimal as at long wavelengths. 3, 4 A key part of experimentally extending NIMs to optical frequencies is the fabrication of nanoscale magnetic resonators. A number of workers have reported on scaling of the magnetic structures, such as split-ring resonators, demonstrated for low frequencies and on achieving magnetic resonances in the terahertz and the infrared ranges. [5] [6] [7] [8] [9] To take this one step further and realize a negative-index metamaterial at these frequencies, both the magnetic and the electrical responses need to be controlled over an overlapping frequency range. Two recent reports have experimentally demonstrated negative refraction in the near-infrared range. 10, 11 However, the transmission of the NIM in Ref. 10 is low mainly owing to a poor impedance match between the metamaterial and the surrounding claddings (air and glass) and comparatively high loss (imaginary part of refractive index ϳ2.5; −n r Ͻ n i , where n r and n i are the real and imaginary parts of the refractive index); for Ref. 11, −n r Ӷ n i across the negative-index spectral region. More recently, numerical simulations have demonstrated 12 that high transmission (over 80%) can be obtained for an optimized NIM with −n r Ͼ n i , using optimized structures similar to those of Ref. 10 . In this paper, the first experimental results on these more nearly optimal structures are reported, and the optical properties of the fabricated structures are shown to be superior to those in Refs. 10 and 11.
SAMPLE DESIGN AND FABRICATION
The samples consist of a pair of 30 nm thick gold films separated by a 75 nm thick layer of aluminum oxide, with an array of elliptical holes penetrating through the multiple layers, as shown in Fig. 1 . As described in detail in Refs. 10 and 12, this structure combines both magnetic and electrical responses, leading to a spectral region with negative refraction. Compared with the structure in Ref. 10 , this structure has a thinner metallic linewidth along the direction of the electric field (for TM polarization, the electric field is along the short elliptical axis) to improve the impedance matching between air and the metamaterial [the structure in Ref. 10 consisted of a similar film stack with a circular hole array with an open-area (nonmetal-occluded) fraction of only 14.5% compared with ϳ25% in the present structures].
Interferometric lithography, with the advantage of large-area parallel fabrication, was used to fabricate large-area ͑2.5 cmϫ 2.5 cm͒ samples, 13 making the sample characterization convenient. First, a thick layer of a bottom-antireflection-coating polymer was spun onto the BK7 glass substrate, followed by a layer of negativetone I-line photoresist. Interferometric lithography was carried out using two coherent UV laser beams (third harmonic of a YAG laser, = 355 nm). The angle between the two UV beams controls the pitch of the pattern, which was fixed at 787 nm for all results reported here, while the exposure time controls the linewidth. To define a twodimensional (2D) array of elliptical holes in the photore-sist layer, we performed two exposures of different fluences oriented at right angles to each other. Next, a Timetal electron-beam (e-beam) evaporation and lift-off process was carried out to provide an inverted etch mask of Ti elliptical disks for further processing. The Ti disks were used as an etch mask to etch through the antireflection coating (ARC) layer, followed by three evaporations of Au ͑30 nm͒, Al 2 O 3 ͑75 nm͒, and Au ͑30 nm͒. Finally, an O 2 plasma ash step was used to remove the ARC along with the Ti-disk etch masks and form the final structures. Two samples, A and B, with different ratios of long axis to short axis for the elliptical holes were fabricated, with the scanning electron microscopy (SEM) micrographs shown in Fig. 2 and the geometrical dimensions listed in the caption.
MEASUREMENT AND SIMULATION
Fourier transform infrared (FTIR) spectroscopy was used to measure the near-infrared transmission spectrum of the samples at normal incidence. The spectrum was taken with the transmission of a bare BK7 glass sample as a reference. The FTIR beam was polarized along either the short (TM) or the long (TE) axis of the ellipses. The transmission spectra of A and B for both TM and TE polarizations are shown in Figs. 3(a) and 3(b), respectively. The different transmission spectra of the samples for different polarizations are expected because of the structure anisotropy. The transmissions for the TE polarization are much lower than the corresponding TM measurements over the whole range of spectrum owing to the thicker metallic stripe width for that direction of the electric field. For all the transmission spectra, there is a dip around 1.18 m, which is the Wood's anomaly (diffracted order horizon) at the Au-Al 2 O 3 interface. For longer wavelengths from this dip, two peaks are evident, with the peak at the longer wavelength much larger than the other one. These two peaks correspond to the symmetric and antisymmetric propagating surface plasmon modes at the Au-Al 2 O 3 -Au interfaces. With a decrease of the width of the Au strip parallel to the optical electrical field ͑TE A Ͼ TE B Ͼ TM B Ͼ TM A ͒, the larger peak transmission increases and moves to longer wavelength (ϳ72% transmission at 1.45 m for TM polarization for sample A). For all the transmission spectra, there are kinks on the longwavelength side of the large peak, and the transmission curves drop quickly down to small values beyond the kinks. These kinks correspond to the localized structural resonance leading to the magnetic response, where a negative refractive index is expected. The transmittance and the position of the kinks also increase with the same ordering of TE A , TE B , TM B , and TM A because better im- pedance matching is obtained for thinner metallic stripes along the electrical field. 12 In the following analysis, we focus on the wavelength range around the kinks for TM polarization for both samples A and B.
For better understanding of the properties of the structure, a rigorous coupled-wave analysis (RCWA) simulation of the TM transmission spectra was carried out. 14, 15 Our simulation capability is limited to square holes; thus, in the simulation, we replace the elliptical holes with rectangular holes with the same hole area and keep the ratio of the sides the same as the ratio of the two axes of the elliptical holes. The gold permittivity is well approximated by a Drude model, ⑀͑͒ =1− p 2 / ͓͑ + i␥͔͒, where p is the electron plasma frequency ͑1.37ϫ 10 16 Hz͒ and ␥ is the scattering frequency ͑4.08ϫ 10 13 Hz͒ for bulk material at 2 m. 16 Owing to the surface scattering and grain boundary effects in these thin films, the evaporated metal films are likely to have a higher scattering loss than that of bulk material. Thus, simulation results were obtained for scattering frequencies of one, two, and three times that of bulk gold. The results are shown in Figs. 3(c) and 3(d) with the transmission spectra for scattering frequency two and three times that of bulk gold offset downward by 10% and 20% to make the curves easier to read. For the scattering loss one times that of bulk gold (1ϫ scattering loss), the dip around 1.8 m is sharp for both samples, and there is clearly a small peak. With the increase of the scattering loss, the dips become less distinct and the peaks become less prominent, smoothing out into a kink. The simulation of the scattering loss three times that of bulk gold (3ϫ scattering loss) provides the best match to the experimental results, consistent with previous results. 10 These experimental and modeled transmission spectra are different from the results shown in Ref.
12 because glass is used as the substrate in this work, whereas in Ref. 12 both the incident and the outgoing media are modeled as air ͑n =1͒.
By taking the thin layer of metamaterial as a uniform layer with well-defined optical properties, appropriate since the variation in the material is on a scale small compared with the wavelength in the propagation direction, one can extract the refractive index and impedance once the complex coefficients of transmission and reflectance are obtained by simulation. 17, 18 Although an infinite number of complex index values will satisfy the complex coefficients of transmission and reflectance, the values of adjacent branch cuts of the complex index are widely separated, since our sample thickness is much smaller than the wavelength of interest. Only the values defined by the branch chosen here result in a physically appropriate Lorentzian-like permeability and metallic permittivity (with reduced plasma frequency). In our previous report, we verified this approach for similar structures with independent, interferometric measurements of the complex transmission and reflection coefficients and found good agreement with the modeling results. 10 The refractive index of the glass (1.5) is taken into account in extracting effective parameters. The effective refractive index of samples A and B is shown in Figs. 4(a) and 4(b) . For both samples, a negative refractive index is obtained over a range of wavelengths (1.6-1.88 m for sample A and 1.58-1.8 m for sample B). For the simulation with the 3ϫ scattering loss, the minimum value of the real parts of the refractive index is less than −2, and the imaginary parts can be as low as ϳ1.3 for sample A and ϳ1.6 for sample B, which are much improved compared with Refs. 10 and 11. For the smaller scattering parameter, a larger real part of the negative index and a smaller imaginary part of the index are obtained. An important NIM quality metric, the ratio −n r / n i , is plotted in Figs. 4(c) and 4(d) for samples A and B, respectively. For both samples, the maximum ratio is as large as 2 for the bulk gold scattering frequency and is about unity for the 3ϫ scattering frequency that best describes the experimental results.
The simulated impedance of structures A and B, as well as of a structure with dimensions the same as that in Ref.
10 (sample C) for comparison, are shown in Fig. 5 . For all samples, the real parts show a peak, and the imaginary parts show a modulation around the negative refractive region. The impedance shows a metallike response, with the real parts smaller than the imaginary parts. Over each sample's range of negative refraction, the real part of sample A's impedance has a larger peak (0.3) than that of sample B (0.24), which is larger than C (0.12), which indicates better impedance matching between the metamaterials and air (1.0) or glass (1.5). One parameter affected by the impedance matching is the reflectance of the light from a single interface between air and metamaterial, R s = ͉͑Z 0 − Z eff ͒ / ͑Z 0 + Z eff ͉͒ 2 , without considering FabryPerot effects; for better matching, this parameter should be smaller. As shown in the bottom of Fig. 5 , the single interface reflectance of samples A and B have much lower dips than that of sample C, confirming the improved impedance matching. In Fig. 3 , the range of wavelengths exhibiting negative refraction is shown between the two dashed lines; the transmission is as high as ϳ40% for sample A and ϳ20% for sample B, which is greatly improved compared with the low transmission ͑ϳ5%͒ obtained in Ref. 10 . This higher transmission is mainly due to a better impedance matching between the NIM and the cladding regions, as well as to the smaller imaginary part of the index 12 ; the calculated absorption loss is as low as 13% over the negative-index region. The effective permeability of the structures was extracted as shown in Fig. 6 . The real parts of the permeability for both samples go through a modulation around 1.8 m, and the imaginary parts show a strong peak, indicating the existence of the magnetic activity in this wavelength range. The real parts are negative over a certain range of wavelength for the 1ϫ scattering frequency for both samples, whereas, for the 3ϫ scattering frequency the magnetic resonance is not strong enough to achieve a negative permeability. The peaks of the imaginary parts for the 3ϫ scattering loss are lower and broader than those of the 1ϫ scattering frequency.
Finally, the effective permittivity is extracted as shown in Fig. 7 . Owing to the narrow metallic stripes along the direction of the electrical field, the electron plasma frequency of the structure is lowered 19 compared with our previous results
10
; the plasma frequency [e.g., Re͑⑀͒ϳ0] corresponds to 1.45 m for sample A and less than 1.4 m for sample B as shown in the figure, so, for the wavelength range exhibiting negative refraction, the permittivity is only moderately negative, as desired for an optimized structure. Around 1.8 m, in addition to the magnetic response discussed above, there is an electrical resonance as well because each unit cell functions as an electrical quadrupole, with much sharper response characteristics for the 1ϫ scattering calculation than for the 3ϫ scattering calculation, as expected. Over a narrow spectral range around the magnetic resonance, the imaginary part of the permittivity is negative, as has been discussed in a number of simulation reports. 18, 20 
SUMMARY
We have experimentally demonstrated a negativerefractive-index metamaterial with a much improved transmission ͑ϳ40% ͒ and NIM quality metric ͓−n r / n t ͔ as compared with previous results. Interferometric lithography combined with standard semiconductor processing was used for the fabrication of large-area metamaterial samples. At near-infrared wavelengths, the scattering loss of the e-beam-evaporated gold films is the main limit to obtaining lower-loss metamaterials. Annealing and alternative deposition techniques are being explored to further improve these results. Corresponding author S. Zhang can be reached by e-mail at shuang@chtm.unm.edu.
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